suppressed. We show that the non-linear nature and correlation-based property achieved in proposed 22 predictor is greater than that for traditional filtering, which leads to better exon prediction performance.
sequences, the three-base periodicity (TBP) exhibited by exons is a good discriminator of coding 18 potential. The determination of TBP due to codon usage bias is built upon the phenomenon that exon 19 regions have a prominent power spectrum peak at frequency [6, 7] . Numerous advanced 1 3 f  wavelet predictor more powerful. Traditionally, the base idea of wavelet predictor, such as the 5 modified Gabor-wavelet transform [12] and the wide-range wavelet window (WRWW) [16] , is to 6 computes a weighted sum of nucleotide values over a large neighbourhood at different scales. Although 7 wavelet-based methods yield good predictions, they do not perform well in preserving the short exons 8 and the exon-intron boundaries due to their linear nature.
9
Our intuition is that nucleotides in the codon position ( ) are close to each other not only p 1, 2, 3 p  10 if they occupy nearby spatial locations but also if they have some similarity at the reading frame . For p 11 this purpose, we propose a genomic-inspired multiscale bilateral filtering (MSBF) that can incorporate and intron coefficients at two adjacent scales. We pursue this investigation which results from the
19
HMR195 dataset by calculating the Jensen-Shannon divergence and the histogram distributions.
20
Experimental results demonstrate that through MSBF and multiscale products, detection accuracy can
21
be significantly improved with only a small loss in the prediction of short exons. The representation of DNA character strings into numerical sequences is the first step in DNA spectral 5 analysis. In this paper, the paired-numerical representation [6] is introduced to map DNA characters 6 (i.e., A, C, G, and T) into numeric values. A particular advantage of this representation is that it 7 exploits the structural differences between exon and intron regions to facilitate the TBP extraction, in 8 addition to reducing complexity. Eq (1) provides an example of this representation scheme for the short 9 DNA fragment …CTGCAGTGGT…:
Multiscale bilateral filtering (MSBF)

12
To introduce the MSBF, we first describe in Section A the domain filtering called B-spline wavelet 13 transform (BSWT). This wavelet function exhibits a higher degree of freedom for curve design, which
14
can be adapted to analyse complex genome. In the next section, we first define a continuous 15 representation of the average magnitude difference function (AMDF) inspired by [6] , and a range 16 filtering built with AMDF is designed to find certain information about nucleotide similarity in a 17 specific codon position. Finally, the proposed MSBF is suggested for differentiating between intron 18 noise and meaningful data.
19
A. Domain filtering
20
In this work, wavelet functions given by B-spline windows are formulated. The B-spline window of order , which is time-limited in , is built as follows [27]: 
8
To fully analyse the DNA sequences characterized by a specific periodicity, the task here is to 9 extract the TBP at different scales while keeping the analysis frequency constant. From Eqs (2) and (3), 
In the case of BSWT, the length of the wavelet function is 2400, and the scale parameter is set to 20 
where is equal to the window length of BSWT. Before applying to a DNA sequence, the L AMDF authors in [6] suggest passing it first through a second-order resonant filter centered at frequency 2 3
[11].
7
For efficient implementation, a multiscale and sliding window will move along the filtered 8 sequence to compute for the whole sequence. The expression given in Eq (4) is then used to AMDF 9 calculate the window:
In other words, the window is the magnitude response of in time domain. From AMDF ( , , ) t b a
Eqs (7) and (8), the proposed range filtering for a signal can be formulated as follows: u
Finally, the expressions given in Eqs (6) and (9) are used to design our proposed MSBF having the 15 non-linear property:
Given a DNA sequence of length , the projection of the MSBF coefficients onto the position axis is
defined as a function of ( ). 
With the observation of experimental results, we can imagine that multiplying the MSBF at adjacent 11 scales would amplify exon structures and dilute noise (see Section 3).
12
Procedure of MP-MSBF predictor 13
Our MP-MSBF method for exon prediction is described briefly in Table 1 . The input DNA sequence of 14 length is referred to as . Table 1 . Exon predictor algorithm using the MP-MSBF technique.
1. Convert an input DNA sequence into the numerical sequence using the paired-numerical u representation.
2. Apply the MSBF to the whole sequence. The transform of the numerical sequence is given by
,
where is the scale parameter and denotes the nucleotide position along the ( 1, 2, , )
3. Take as an input, and perform the multiscale products to obtain the filtered sequence 
General setting 9
In this section, we first conduct an experiment to establish a comprehensive analysis of the inter-scale correlation of the differences between exon and intron coefficients. Next, we present experiments in 
Evaluation metrics 16
To investigate the inter-scale correlation of the differences between exon and intron sequences, the distance criterion of Jensen-Shannon (JS) divergence [31] is adopted. In probability theory and statistics, the JS divergence is a method of measuring the similarity between two probability 19 distributions. The JS divergence is a convenient divergence measure for our purpose because it is 1 symmetric and bounded between 0 and 1. The distance between two probability vectors and in P Q terms of the JS divergence is defined as
where and is the Kullback-Leibler divergence,
With a set of results obtained by running a predictor on a test data set, the true positive (TP), true 
To evaluate the general performance of the method under consideration, the receiver operating 12 characteristic (ROC) curve [32] is used to explore the effects on sensitivity and specificity. The 
16
The area under an ROC curve (AUC) can be used as an indicator of prediction performance.
17
Inter-scale correlation analysis 18
The coefficients of the input DNA sequences obtained from the multiresolution decomposition include 19 exon-structure information together with intron noise. The general purpose of inter-scale correlation 20 analysis is to investigate the dependency information on the differences between exon and intron 21 coefficients. We apply the schemes proposed in this paper to analyse the correlation for a large number 22 of exon and intron regions. Fig. 2 (B) than in Fig. 2(A) . The results demonstrate that inter-scale correlation 6 can suppress intron noise while retaining more exon details. Fig. 3 compares the prediction results of 7 the sequence HUMDZA2G using the tested methods. Our MP-MSBF algorithm identified the localized 8 peaks better and located the short coding sequence (exon 1) more accurately. 
19
), for the exon and intron nucleotides of the HMR195 data set. The results of Table 3  1 To further justify our assumption, histograms with fitted distributions are calculated for the exon 4 and intron nucleotides of HMR195 at different scales. Fig. 4 and Fig. 5 give the distributions of exon 5 and intron nucleotides using the MSBF and inter-scale correlation, respectively. This result indicates 6 that the most relevant exon information represented by the correlation at each scale is captured by 7 large-valued coefficients, whereas the intron information is captured by a large number of small-valued 8 coefficients. Fig. 6 clearly illustrates that the distance between the exon and intron curves obtained 9 from inter-scale correlation is greater than that obtained from MSBF. In other words, the MSBF coefficients of the exon sequences have a strong correlation on various decomposition scales, whereas 11 the MSBF coefficients of noise are weakly correlated. These plots justify our assumption. An additional classification experiment on all sequences of considered data sets is designed to 4 assess the general performance of our proposed technique and other methods. higher prediction accuracy than its counterparts. Our MP-MSBF method consistently exhibits higher 7 prediction accuracy than its counterparts for exons that are either relatively short or long in length. 
Summary
10
In this work, we have introduced a new, robust and efficient method to predict exons in eukaryotes.
11
Unlike some prediction techniques that detect exons directly by linear filtering, the proposed scheme which makes it capable of short exon prediction. We see some possible applications of this predictor.
The correlation-based property and nonlinear nature of this technique allow the selection of a 
